Abstract
Introduction
Recent developments in X-ray Free Electron Laser (XFEL) science have led to breakthrough results in several fields of research. With their extremely short, intense and coherent radiation pulses, X-ray lasers provide an unprecedented tool for the natural sciences. The FLASH Free Electron Laser in Hamburg [1] has made a mark in the soft X-ray regime, and the Linac Coherent Light Source (LCLS) in Stanford [2] is exploring the hard X-ray domain. New x-ray laser facilities are being built in Japan (SCSS, Spring-8
Compact SASE Source) [3] and Italy (FERMI@Elletra, Free Electron Laser for Multidisciplinary Investigations) [4] , and several similar light sources are being planned across the globe. These brilliant sources use X-rays to study physical processes relevant to a range of disciplines, from structural biology to plasma physics. In fact, these sources have already led to advances in coherent diffractive imaging [5] and femtosecond X-ray holography [6] , cluster physics [7] as well as high-energy density physics [8, 9] .
The FLASH Free Electron Laser in Hamburg is the first source that reached extreme conditions in laser-matter interactions in the soft X-ray regime, and showed that these interactions are very different from those found at optical frequencies [7] [8] [9] [10] [11] [12] [13] . Recent results from the LCLS hard X-ray laser [14, 15] confirm this picture, underlining the importance of understanding the interactions between high intensity X-ray radiation and materials. Controlling such interactions is fundamentally important to a range of disciplines including fusion research [16, 17] . There, the aim is to maximize the deposited energy in the sample with the goal of achieving ion acceleration and ultimately obtaining fusion reactions. In a much different application, controlling radiation damage to molecular samples is essential for structural determination of single biomolecules [18] , protein nanocrystals [19, 20] , viruses [21] and biological cells [22, 23] .
We have previously used theoretical modeling to describe the interaction of X-ray laser pulses with matter at high field strengths [22] [23] [24] . Furthermore, we have performed extensive computer simulations to explain experimental results obtained when using sub-micron focusing [25] of ultra-short pulses (15 fs) to reach intensities exceeding 10 17 W/cm 2 on the surface of metallic samples: niobium, vanadium, and their deuterides [26, 27] . These simulations were performed using Cretin [28] , a multidimensional non -local thermodynamic equilibrium (non-LTE) plasma code for the study of population kinetics and radiation transfer. It incorporates established plasma models for low-density hot matter [29, 30] and follows atomic populations affected by X-ray laser-matter interactions. These simulations have been complemented with a self-similar isothermal fluid model [31] that describes how the ions at the plasma front are accelerated to energies exceeding the electron temperatures as the plasma expands into vacuum.
For a variety of experiments at FEL facilities, exact knowledge of the focus position of the laser is crucial since it allows one to exploit the full potential of the focused beam. Moreover, intensities on the sample can be calculated if the sample position relative to the beam focus is known. Traditionally, The incoming FEL beam is focused to a submicron spot size on the sample surface by a parabolic off-axis mirror. The sample can be moved in three directions x, y, and z, where z is parallel to the FEL beam coming from the mirror. Ions ejected from the sample surface enter the drift tube of the TOF through a front-end aperture and are detected by the MCP after passing through a high pass filter grid. Whether an ion will pass the grid or is deflected depends on its kinetic energy and the grid voltage [26] .
focus determination in a high intensity XFEL experiment is performed using offline analysis of imprints formed from attenuated shots on a suitable solid, like PMMA -Poly(methyl methacrylate) [32, 33] . This process can be time consuming since it may require repeated access to the sample chamber and thus repeated venting cycles. We propose a complementary time-saving method based on in-situ focus determination. We call this method TOF-OFF since it is based on the observation of a peak in the maximum kinetic energy of protons accelerated "off" the sample surface when the sample is at best focus.
Experiments at FLASH
FLASH was operated in single-bunch mode at 13.5 nm wavelength (corresponding photon energy E ph =92 eV). The single pulses were about 15 fs long and had an average energy of 30 µJ with shot-to-shot variations ranging from 7 to 70 µJ. Information about the pulse energy was obtained from an in-line gas monitor detector (GMD) [34] , prior to arrival of the pulses at the interaction region. Sub-micron focusing of the FEL beam was achieved using an off-axis Mo/Si multilayer parabola [35] of focal length of 270 mm, resulting in intensities that exceeded 10 17 W/cm 2 in focus position [9, 25] .
The aspherical mirror had a reflectivity of R=67 % and was mounted normal to the incoming FEL beam, off-set it by 22
• and focused it down to a sub-micron diameter (Fig. 1 ). Intensities were calculated based on the GMD information, pulse length and the calculated beam spot size on the sample surface. Initial measurements to determine the focal spot size were performed according to previously published methods [32] where the beam profile around best focus was determined by reference measurements with attenuated pulses on PMMA. This requires venting the chamber and an offline analysis of the imprints.
The measurements were performed on bulk niobium (Nb) and vanadium (V). A subset of these has been doped with deuterium [36] resulting in deuterated niobium (NbD) and vanadium (VD) with a dopant/metal ratio of 0.680±0.002 and 0.564±0.002, respectively. The samples were polished prior to mounting into the sample holder. The single crystal Nb (10×10×3 mm) was electropolished, whereas the polycrystalline Nb, V and VD (12×12×1 mm) sample plates were mechanically polished. Prior to our investigation in vacuum, all the samples were handled at atmospheric pressure and thus have surface contamination from water and air diffusion into the outermost atomic layers, prominently hydrogen (H), oxygen (O) and carbon (C).
Finally, the samples were mounted normal to the axis of the focused FEL beam, as shown in Fig. 1 . This setup allowed for motion in directions parallel and perpendicular to the focused beam (labelled as x, y, and z, with z being the beam direction). Thus, the intensity on the sample surface could easily be varied by moving the sample in and out of focus along the beam in the z direction.
A time of flight (TOF) spectrometer [37] was mounted parallel to the incoming FEL beam opposite the sample holder, see Fig. 1 . Ion detection was accomplished with a multichannel plate (MCP) detector at the end of a grounded drift tube approximately 600 mm away from the interaction region ( Fig. 1) . The narrow acceptance angle of the TOF front-end aperture limited the ion transmission to the detector. Additional high pass (HP) filter grids in front of the MCP allowed for selection of a specific ion energy range. Only ions ejected towards the TOF and with kinetic energies above a certain threshold were detected. For example, for a grid voltage of 2 kV only ions with a kinetic energy above q×2 keV, where q is the charge state of the ion, passed the HP filter and ions with lower energy were deflected. For moderate grid voltages, i.e. up to 2.5 kV, we observed multiply charged metal ions from the bulk sample as well as H + , C + and O + from surface contaminations. Higher voltages resulted in a clean spectrum containing only signal from highly energetic protons from the surface and metal ions, without traces of surface contamination from low energetic O + and C + , see inset in Fig. 2 (b) . The suppression of the peaks from O + and C + ions developed with increasing grid voltage showing that these ions did not reach energies above 2.5 keV. However, hydrogen, also from surface impurities, could reach much higher energies; a fact that is the basis for experiments with laserdriven proton acceleration [38] . Since no other acceleration fields were used we can directly correlate the detected ion time of flights with the conditions in the interaction region and the subsequent ion acceleration processes. For deuterated samples, where the deuterium has diffused out of the surface layer by the time of the experiment, a significant TOF signal due to deuterium ions (D + ) could only be recorded while irradiating an already exposed section of the sample, thus reaching below the depleted surface layer. This selectivity in deuterium observation and the different ways in which the above mentioned carbon and oxygen signals responds to increased grid voltages represent two ways in which bulk and surface effects in the ion acceleration and crater formation processes can be separated.
Assignment of the ion time of flight signals was done using Simion [39] , an ion time-of-flight simulation software. From information about the voltages and experimental geometry used for the measurements, the program calculates the resulting electric fields and simulates ion trajectories for a choice of ions (Nb, V, H, D, O and C) and charge states (+1 to +8). These trajectories will determine the time of flights, kinetic energies and ion velocities that in turn can be mapped on to the experimental data to enable a correct time-to-energy transformation and mass over charge (m/q) assignment, as shown in Fig. 2 . The simulated flight times for ions show cutoffs that correspond well with the cutoffs in the experimental TOF traces and allow for a correct assignment of charge states and ion mass as well as kinetic energy. The horizontal dotted lines in Fig. 2 (c) and (d) correspond to the highest detected energies with 95% confidence level, shown in Fig. 2 (a) and the inset in (b).
The main sources of error when calculating the intensity on the sample are: 1) uncertainties in the GMD data of ∼10 % [12] ; 2) a decreased reflectivity in the parabolic mirror observed during seven days of measurement (from 67 % to 50 %) [25] ; and, 3) uncertainties in the z position of the sample relative to the mirror (±0.05 mm) due to limitations in the accuracy of the sample stage position.
3. In-situ focus determination with the ion TOF spectrometer Fig. 3 shows the drift ion TOF spectra for H + ions originating from surface impurities as a function of the time of flight. We label the sample position z=0.0 as the position that yields the highest observed proton energy and tentatively assign this position to the location of the focal plane of the mirror. Hydrogen has been detected from all four materials and a strong dependency on the sample position (z-position) relative to the FEL focus is seen in the observed proton flight times (and thus, kinetic energies). The highest observable proton energy is defined as the energy corresponding to the flight time where the proton signal is detected above the background with a confidence level of 95%. Moving the sample 0.2 mm away from z=0.0 results in a decrease in the ion yield and longer flight times for the most energetic protons. This distinctly observed maximum proton energy leads us to propose this TOF-OFF method as a convenient method for in-situ determination of best focus.
Although the present measurements were made moving the sample surface with a large step size of 0.2 mm, the TOF-OFF method is able to find the position of the focal plane with a far better accuracy. The slope of the maximum measured proton energy in the range z=-0.6 mm to z=0.0 mm in Fig. 4 shows that a 50 µm movement of the sample corresponds to a change in the observed energy of about 200 eV. The Simion simulations show this difference in energy can correspond to a shift of 200 ns in the onset of the proton peak, which is clearly observable in the TOF spectra (Fig. 3) . Figure 4 also presents the intensities corresponding to the sample position relative to best focus, which are calculated using the size of the focal spot previously determined using attenuated pulses on PMMA [25] . The logarithmic scale on the upper axis indicates that the kinetic energies experience saturation when intensities exceed 10 16 W/cm 2 . Assuming symmetry of the laser beam on both sides of the focal plane, the exact location of the focal plane can be determined by a peak fitting procedure. The experimental data for V, VD and NbD in Fig. 4 is fit to a Lorentzian peak profile of the form a b+(z−z 0 ) 2 . This form is suitable as a first approximation to describe the dependence of the intensity with the focal area, which is proportional to z 2 . The location of the focal plane z 0 relative to the positions where we measured the highest proton energies is given by the function maxima. We see that for NbD the initial assignment of the z=0.0 position to the focal plane of the mirror is verified, as confirmed by the proton traces observed for NbD at ± 0.4 mm which show a high degree of overlap (Fig. 3) . For VD and Nb the peak-fitting procedure locates the focal plane 30 µm away from the z=0.0 position. This slight mismatch is also observed in Fig. 3 where the ion yields from VD at z=± 0.4 mm and Nb at z=± 0.2 mm are slightly off. We conclude that the TOF-OFF method is capable of determining the location of the focal plane with an accuracy better than 30 µm and note that this accuracy is well within the Rayleigh length of the mirror which is estimated to ± 75 µm. It is interesting to note that the present method captures the slight misalignment of 30 µm between the surface of different samples although they are mounted in the same sample holder and should ideally be in the same plane. This implies that a further advantage of the TOFF-OFF method is that the determination of the sample location relative to the focal plane of the mirror is made simultaneously with the measurement. This avoids uncertainties related to the limitations in the reproducibility of the sample environment, e.g. sample mounting of motor accuracy, going from a sample used for focus determination to another sample of scientific significance.
It has been previously shown that intensities approaching 10 17 W/cm 2 are accompanied by a saturation in the maximum proton kinetic energy [26] . This can be traced back to saturation in surface absorption due to rapid inner shell processes and results in a decline in proton acceleration. It is seen from Fig. 4 that the TOF-OFF approach can be used for intensities up to, and above, 10 17 W/cm 2 despite the onset of saturation in proton kinetic energies. However, the best resolution is possible in the intensity range where there is a high rate of increase of the maximum observable proton energy with intensity. Using attenuation on the XFEL beam the TOF-OFF method should be useful also when the maximum intensity is associated with significant saturation. In addition to the proton signal the TOF spectra show highly energetic metal ions. For these ions, charge states of up to +5 have been clearly distinguished with flight times of 3 µs, corresponding to a kinetic ion energy of 20 keV (Fig. 2 (b) ). The occurrence of highly charged and very energetic ions is known from previous experiments on semiconductors with extreme ultraviolet pulses [40] .
Confirmation for the best focus position obtained from the TOF-OFF measurements has been ascertained by studying the craters formed in the sample at different sample locations relative to the position that gave the highest ion TOF signal. The craters were characterized by scanning electron microscopy (SEM) seen in Fig. 5 and measurements of crater depths were carried out with tapping mode atomic force microscopy (AFM) shown in Fig. 6 and Figures in Ref. [26] . The craters formed on the sample surface show a similar strong dependency on the z-position of the sample, which corresponds to the intensity, as the observed maximum proton energy. Figure 5 shows SEM images of craters formed by single FEL pulses with pulse energies close to the average 30 µJ for different sample positions relative to the location of best focus. For in-focus position (z=0.0 mm) deep and narrow craters were observed with a diameter of about 5 µm and depths exceeding 3 µm (Fig. 5 (f) ). When moving the sample away from the in-focus position craters tend to become shallower and the ablated area increases resulting in imprints with a diameter larger than 10 µm on the surface (Fig. 5 (a) -(e), (g), (h)). It has been observed that changes in pulse energy at the same sample position may result in significant differences in crater formation [26] . This is likely correlated to an increase in transport of energy out the sides of the craters when deeper craters are formed.
The correspondence of the position of best focus as determined by the ion TOF measurements and crater SEM imaging is further strengthened by an analysis of the observed crater depths with tapping mode atomic force microscopy (AFM). Fig. 6 displays AFM measurements of the depths of a subset of craters formed in NbD when the sample surface is located at different distances from best focus (z=-0.8, -0.4, -0.2, 0.0 and 0.2 mm) as determined by the TOF-OFF method (for a full crater analysis, see [26] ). The dependence with incident intensity is also shown in the upper scale, where the intensity has been calculated under the assumption that the focal spot size was sub-micron at the best focus position, as determined previously [25] . Our measurements show that the deepest craters are formed when the sample surface is near the best focus position determined by ion TOF spectrometry. It is also seen that it is not possible to verify the position of best focus with the crater data obtained at the highest pulse energies due to saturation in the crater depth. However, for pulses with low to moderate intensities (20-25 µJ), a post experiment analysis of the craters with AFM confirms the range of the best focus derived from the maximum observable proton kinetic energy through the TOF-OFF method ( Fig. 5 and 6 ). In cases where saturation is observed attenuated pulses can be used to avoid misleading interpretation of the data.
We have experimental evidence that there exists a strong correlation between sample position relative to the laser focus, intensity, proton kinetic energies and crater appearance. Acceleration of protons from surface contamination can reach keV energies and the highest measurable proton energies will be from samples whose surfaces are irradiated while being at best focus (Fig. 4) . The position of best focus found by an analysis of the TOF-OFF data can be verified by a subsequent analysis of the craters formed in the samples. By exploiting this strong correlation between crater formation and intensities as well as maximum proton energies, one can determine the focal plane of the laser and hence the best sample position with a quick analysis of the hydrogen peak in the measured TOF spectra. This can be performed online with the sample remaining in the experimental chamber.
Summary
We propose a novel method for in-situ focus determination for high intensity soft X-ray and X-ray experiments. The TOF-OFF method is based on the observation that the maximum kinetic energy obtained by protons accelerated off the sample surface by the focused FEL beam is strongly dependent on photon intensity and reaches a maximum when the sample is moved into the position of best focus. Subsequent SEM and AFM analysis of the craters formed in the sample surfaces verify that the position of the best focus obtained with the TOF-OFF method indeed coincides with the focal plane of the optics determined to an accuracy similar to the Rayleigh length. This method is complementary to the methods traditionally used but does not require the removal of the sample from the chamber for off-line analysis.
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